Cu-and Ni-codoped FeZnO particles with the wurzite structure were successfully synthesized at low temperature by a co-precipitation method. The samples were characterized using a vibrating sample magnetometer, X-ray diffraction, energy dispersive X-ray spectroscopy, UV-Vis spectrophotometry and electron spin resonance. The results demonstrated that room temperature ferromagnetic order was observed in both samples and the magnetization was higher than that of Fe-doped ZnO. The correlation between the structural and magnetic properties is discussed.
Introduction
Dilute magnetic semiconductors (DMSs) in which some of the cations host lattice are replaced by a transition metal ions have attracted considerable attention due to their potential as spin-polarized carrier sources and their potential applications in spintronic devices [1] [2] [3] [4] [5] . The main challenge for practical application of DMSs is the attainment of Curie temperature above room temperature [6] . Following the theoretical prediction of room temperature ferromagnetic by Dietl et al. [7] , several studies involving magnetic ions doped II-VI semiconductors were performed by different researcher in transition metal doped ZnO. It is known that ZnO has high solubility for transition metals and superior semiconductor properties [8] . Moreover, ZnO is a wideband gap semiconductor with a relative large exciton binding energy. Among transition metal, ZnO doped with Fe ions without any modification of the structure has been the most considerable interest. Ferromagnetism with Curie temperature higher than room temperature has been observed in Fe-doped [9] [10] [11] [12] , Co-doped [13] [14] [15] , Mn-doped [16] [17] [18] , Ni-doped [19] [20] [21] , Cu-doped [22] and V-doped [23] ZnO nanoparticles. Meanwhile, several codoped ZnO have also been reported with the expectation that codoping can lead to remarkable changes in the properties of the materials [24] [25] [26] . Presence of two different kind of transition ions simultaneously in a host material produces magnetic property that can be different from the magnetic property due to single transition metal ions. For instance, Han et al. [27] reported that the Curie temperature of bulk Zn 0.94 Fe 0.05 Cu 0.01 O was above room temperature and the maximum saturation of magnetization was larger than that of the sample without Cu [27, 28] . Shim et al. [29] also prepared FeCu co-doped ZnO sample and reported that the room temperature ferromagnetic in the sample is due to the secondary phase ZnFe 2 O 4 [27, 29] .
Despite the considerable amount of data a great deal of controversy remains, especially regarding the fundamental issue of whether the system actually exhibits room temperature ferromagnetic at all; and in the case where it does, whether the effect is intrinsic to the material. Further studies suggested that the inconsistencies in the literature regarding the ferromagnetic ordering of transition metal doped ZnO indicate that these materials are very sensitive to the fabrication and processing conditions. Therefore, this paper we attempt to study the effect of Cu-and Ni co-doping on the weakest ferromagnetic Fedoped ZnO (1 at% of Fe). The co-precipitation method was chosen for the synthesis of these materials because it is cost effective, requires low temperature processing and offers a higher degree of solubility. The effects of Cu and Ni doping on the structural, optical and magnetic properties of nanocrystalline Fe-doped ZnO particles was investigated using X-ray diffraction (XRD), energy dispersive X-ray (EDX), UV-Vis spectroscopy (UV-Vis), electron spin resonance (ESR) and vibrating sample magnetometer (VSM). It was found that the incorporation of Cu and Ni in Fe-doped ZnO nanoparticles not only enhances ferromagnetic properties to the host materials but also changes lattice constant and the optical properties. Elemental analyses of the samples were carried out using scanning electron microscope (SEM) with EDX attachment. To evaluate the phase purity of the samples, XRD measurements were performed using a Philips PW 1710 and monochromatic Cu-Kα (λ = 1.54060 Å) radiation operated at 40 kV and 20 mA in the range of 10˚ to 80˚. The instrumental broadening including the instrumental symmetry was calibrated using a Si powder standard sample. The X-ray diffraction patterns were analyzed by means of the MAUD program using the Rietveld whole profile fitting method to determine the crystal structure and lattice parameters.
To study the electronic interaction near the optical band gap resulting from the addition of dopant atoms, diffuse reflectance UV-Vis measurements were performed using a Shimadzu UV-Vis spectrophotometer with an integrating sphere and a spectral reflectance standard in the wavelength range of 200 -800 nm. The diffuse reflectance, R, of the sample is related to the Kubelka-Munkfunction, F(R), according to the following equation: F(R)= (1 − R) 2 /2R [30] . The energy band gap of the samples was calculated from the diffuse reflectance spectra by plotting the F(R) 2 as a function of energy and extrapolating to F(R) 2 = 0. Magnetic measurements were performed on Oxford Type 1.2 T vibrating sample magnetometer (VSM). These measurements were taken from 0 to ±1 Tesla field. To obtain information on electronic structure ESR was carried out using X-band JEOL JES-RE1X at room temperature. The shape and area of the ESR spectra were analyzed using standard numerical methods.
Results
To confirm the presence of Fe, Cu and Ni ions in the synthesized nanocrystalline ZnO particles, EDX measurements were performed. Four different random areas in the sample were chosen and about the same Fe, Cu and Ni concentration was obtained for all of them. This result suggested that the distribution of doping is homogeneously. The EDX data from concentrations of Fe, Cu and Ni are listed in Table 1 . It is seen that the amounts of Fe, Cu and Ni incorporated in the samples are slightly lower than their nominal composition introduced in the synthesis.
The [34] . It has been observed that all of peaks of XRD pattern belong to the hexagonal lattice of ZnO with three most preferred orientations namely (100), (002) and (101). Most importantly, all of the XRD peaks were attributed to ZnO and no other undesired peaks were observed due to secondary phases or impurity phases within the detection limit of the X-ray diffractometer. From the 2Θ values, the inter-planar spacing d of the peaks is calculated.
The values are listed in Table 2 . A good agreement between the observed and the calculated d values is found to exist indicated a suitability of unit cell parameters and the crystal structure.
The lattice constants, calculated from Rietveld refinement using MAUD programs, unit cell volume, the values ratio (c/a) are summarized in Table 2 . The results are compared with those of Fe-doped ZnO. The average crystallite size and strain were also obtained from Rietveld refinement of the X-ray diffraction patterns of the samples obtained by constructing Williamson-Hall plots [35] with different peaks for the same families. In the present study, (100), (002), (101), (102), (110), (103), and (112) peaks were used to construct the WilliamsonHall plot. From the linear fit to the data, the average crystallite size, <D>, was extracted from the y-intercept and the strain, ε, from the slope of the fit of:
In this calculation the strain was assumed to be uniform in all directions of the samples. The average crystallite size, <D> and the strain, ε, are shown in Figure 2 shows the diffuse-reflectance spectra, R, as a function of wavelength. The band gap energy of the doped ZnO samples was calculated from the diffuse-reflectance spectra by plotting the square of the Kubelka-Munk function F(R) 2 vs. the energy in electron volts. The linear part of the curve was extrapolated to F(R) 2 = 0 to calculate the direct band gap energy. The To gain insight into the oxidation state of the dopant cations involved in the spin coupling and site occupancy of the dopant ion in the host material, ESR spectra were [31, 33] . In the case of Zn 0.95 Ni 0.05 O, the ESR spectra had similar features, which exhibited two overlapping resonance peaks. One peak corresponded to the broad resonance while the other peak located at higher magnetic field was much narrower. The linewidth and the g-values of the broad signal in our Zn 0.95 Ni 0.05 O was consistent with the line shape and position of the previously reported Ni-doped ZnO samples [33, 36] 63 Cu, which has nuclear spin 3/2. The ESR spectrum of Zn 0.94 Cu 0.06 O sample shown in Figure 3 revealed the presence of broad signal, which is superimposed on poor-resolved quadruplet signals and a pronounce narrow resonance. The broad signal at g value of 2.05 is associated with Cu 2+ interacting with nearby Cu 2+ via dipole interaction [41] whereas a narrow signal at g value of 1.98 could be attributed to d electron trapan unpaire Table 3 .
The room temperature ferromagnetic behavior of both the ped on an oxygen vacancy site [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] .
Comparing Cu nuclei necessary for identification of Cu-related center was not observed. So the peak observed here would not be attributed to the Cu ions themselves.
The mechanism responsible for the observed ferromagnetism at room temperature in transition metaldoped ZnO is also not clear and has been debated over the years. Several explanations are discussed below. Nevertheless a few researchers have claimed to observe ferromagnetic behavior arising only from a secondary phase and not from the material itself. The results of the XRD and EDX measurements in our samples demonstrate that the dopant ion was incorporated into the wurtzite lattice at Zn sites forming a solid solution instead of precipitates. However, a secondary phase might It is apparent from Figure 3 that the two resonances of Zn 0.96 Fe 0.01 Ni 0.03 O are too close to be separated with confidence. We have carefully studied the line signal and 
exist in the sample even though it was not detected in our states, with the concentration of trivalent state increased XRD spectra. Thus, it is useful to consider all possible ferromagnetic impurity phases that might be present in both samples. It is known that Cu-related oxides such as CuO, Cu 2 O or Cu clustering could not contribute to the room temperature ferromagnetism, because none of them exhibit ferromagnetism above room temperature [54] [55] [56] . Therefore the ferromagnetism behavior observed in our Cu-doped samples studied here does not seem to be related with the presence of any secondary phases or Cu clusters, while Cu clusters and its oxides are generally considered to be non-ferromagnetic and could not contribute to the room temperature ferromagnetic. In the case of Fe-doped samples nearly all possible Fe-based oxides, such as FeO and Fe 2 O 3 are antiferromagnetic with T N values of 198 and 963 K, respectively [57, 58] . The exception to this is Fe 3 O 4 , which is ferromagnetic with a T c of approximately 858 K [59] . Another secondary phase that can be found in Fe-doped ZnO samples is ZnFe 2 O 4 . However, this phase is antiferromagnetic and can be excluded as the origin of room temperature ferromagnetic in our samples. In the case of Ni co-doping, the forma- There is also an emerging consensus that ferromagnetic behavior in transition metal-doped ZnO is correlated with defects such as oxygen or zinc vacancies [62] [63] [64] . Karmakar et al. [11] investigated the origin of ferromagnetism in Fe-doped ZnO using local probe measurements such as ESR and Mössbauer spectroscopy. The results revealed that the Fe ions are present in both Fe 2+ and Fe 3+ valence states. The presence of uncoupled Fe 3+ ions is possibly due to hole doping in the system, which was caused by cation (i.e., Zn) vacancies. By comparing the ESR measurements from our sample with the results obtained from Karmakar et al. [11] it is confirmed that the ferromagnetism observed in our Zn ions. In some reported transition metal doped ZnO systems, bound magnetic polaron (BMP) models are widely proposed mechanisms to explain the presence of room temperature ferromagnetism. The BMP model was used to explain room temperature ferromagnetism in semiconducting as well as insulating materials [67] . Other studies reported that defects and oxygen vacancies are common in Ni-doped ZnO nanostructures and are responsible for the formation of BMP [68] . However, the oxygen vacancy signal was not observed in Zn 0.96 Fe 0.01 Ni 0.03 O ESR spectra. Therefore, the conductive electron with local spin polarized electron exchange interaction is the more probable mechanism in the present investigation.
Conclusion
In conclusion, the room temperature ferromagnetism of 
